Abstract. Detection of interaction force between soft tissue and surgical instrument and perception of biomechanical property of tissue are imperative for reducing operation time and the risk of surgeon mistake. However, in Robot-assisted minimally invasive laparoscopic surgery (MILS), the surgeon's ability of perceiving valuable haptic information by manipulating the surgical robot system is severely impaired. In order to improve this ability of surgical robot, many university laboratories and research institutions have been committing to designing force sensor and developing force sensing techniques. According to a literature search work, which was performed within the publications of about twenty laboratories and research institutions working on surgical robot developing, this article attempts to summarize the force sensing techniques, force sensors and provide technical suggestions for the future development of force sensing for Robot-assisted MILS.
Introduction
With the development of robot, the various robot systems have boomed in recent decades and are widely used in an increasing number of application areas. In clinical applications, many surgical robot systems were developed to enhance surgeons, for example, the da Vinci robot (Intuitive Surgical Inc., Sunnyvale, CA, USA). Compared with the conventional MILS, robot-assisted MILS is significantly becoming the preferred approach because it offers distinct advantages, including improved dexterity by adding additional degrees of freedom (DOF) to surgical instrument tips, better geometric accuracy based on scaled motion, restoring proper hand-eye coordination and improve visualization, Ergonomic position for the surgeon.
However, there are still some certain limitations because of the master-slave control mode which causes the surgeons lose the ability to feel interaction forces between the surgical instrument and the patient tissue. Research works [1] [2] [3] have been done to assess the need for haptic feedback by Okamura, etc. The results of these researches indicate that, the precision is increased and the risk of breakage is decreased in knot tying procedure based on force information [3] ; In addition, force sensing provides the ability to detect the biomechanical property of lesion tissue in palpation [2] . Although these research results are limited in specific tasks, the surgeons do benefit from force information increase confidence and operate on the patients more safely.
According to the publications of about twenty laboratories and research institutions, in the remainder of this article, section 2 outlines the external forces that generate interference during force measurement with different placement of force sensor. In section 4, the methods applied in robot-assisted MILS are described in details. At the end, discussion and conclusion based on the current state of the art, technical suggestions for the future development are given.
The Placement of Sensor
The placement of the force sensor should be seriously considered regarding the requirement of force measurement [4] . Because there are many parts of surgical instrument contacting with the environment, it could greatly influence the quality of force measurement. The disturbing forces act on surgical instrument include: resistance of the abdominal wall, friction at the trocar, scaling and mirroring of the tip forces, internal friction within the instrument and mechanism inefficiency [5] . Considering the constraints of MILS, basically, there are four locations where the force sensors might be placed. In Fig.1 , it represents some possible locations to apply force sensors on a typical surgical instrument in MILS. From right to the left side, these are the location near or at the driving unit, the location on the instrument shaft outside the abdominal wall, the location on the instrument shaft inside the abdominal wall and the location at the instrument tip. In addition, a summary of sensor placement is given in Table 1 . Friction and reaction forces generated at the instrument insertion port do not affect the measurement of the tissue contact forces.
Inertial and actuation forces generated from the mechanics could also disturb the measurement of the tissue interaction forces.
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Friction and other disturbance forces generated from any moving mechanisms do not affect the measurement of the tissue contact forces.
Severe constraint with respect to the size and materials sensing devices used.
The Methods Applied in Robot-Assisted MILS

Capacitive-Based Force Detection
Capacitive-based force detection is one of the most powerful techniques for detecting small deformation of structures. It represents an alternative when application requires better performance than strain gauge sensors can provide [4] . Based on the advantage, Lee et al. [6] at Sungkyunkwan University presented a laparoscopic grasping tool for minimally invasive surgery with the capability of multi-axis force sensing as shown in Fig. 2 (a) . The accuracy of the sensor is quantified by using the normalized root-mean-square error (NRMSE) of calibrated forces compared to the input forces. The result shows that the NRMSE values are always less than 0.02 in X-, Y-, Z-axis of wrist. There are some tackle sensors based on the principle for palpation are presented as well [7, 8] .
Resistive-Based Force Detection
Strain gauges are the most common technology of resistive-based force detection, which have been widely applied to surgical instrument. The strain gauges are usually bonded to a flexible structure to provide accurate measurement. As shown in Fig. 2 (b) , strain gauges are bonded on the shaft of surgical instrument [9] . When the strain in the structure caused due to the interaction forces, the electrical resistance of the strain gauge will change. Based on the change of resistance the interaction forces can be electrically measured. The research result of German Aerospace Center (DLR) proved that strain gauges also can provide more complex force measurement [10] . Six strain gauges for measuring forces and torques of six DOFS are located on the special designed structure, which is based on the Stewart Platform. By taking the advantage of such special designed structure, the sensor has achieved good measurement sensitivity with a very satisfactory structural stiffness characteristic. It can measure forces with a resolution of 0.25 N in the axial direction and 0.05 N in the radial direction. In addition, there are some other commonly used structures include: the Maltese Cross [11] , and Junyich's configuration [12] and their variations. To design a novel structure or choose one of these structures for force detection, it depends highly on the size of the structure, the desired balance between signal noise levels, signal coupling, measurement isotropy and the number of sensing elements. 
Current-Based Force Detection
The electrical motors are the most commonly used as the actuator to drive the surgical instrument. Therefore, it is possible to detect the tool-tissue interaction forces using the input to the motors, the current, based on an observer-based control system. To achieve this, identifying the system model is necessary since the detection is affected by internal joint friction, actuator non-linearity and uncertainties. Comparing the difference between the output of the nominal model and the output of actual system, the disturbance observer can detect the amount of force generated at the output on the basis of the actuator input [13, 14] . However, several experiments show that the actual interaction forces were smaller than the interaction forces detected by the current measurement. This could be caused by the inertia of involved mechanisms and the effects of friction at joints of all linkages [15] .
Pressure-Based Force Detection
Using the pneumatic actuators to drive surgical instrument provides an alternative way to detect tool-tissue interaction forces through measuring the pneumatic pressure. As described in reference [16] , Tadano et al. have developed a four degree-of freedom pneumatic-driven surgical instrument that has force detecting capability as shown in Fig. 3 (a) . However, the accuracy of force detection is degraded because the force measurement was carried out far away from the point that the forces are actually applied, as well as the backlash of the driving mechanisms, variation of friction at joints, and those at the pneumatic cylinders themselves. 
Optical-Based Force Detection
Optical-based force detection technique is an alternative way to detect forces and transfer force information to the outside in MILS field. It is using fiber optic cables as a medium instead of using electrical wires to carry force information from a sensing region to optoelectronic equipment. The principle is that the structure deformation caused by the interaction forces creates a change in the intensity of the light [17] or the phase of the light signal [18] as shown in Fig. 3 (b) and (c), respectively. In addition, the development of optical-based sensors used in MILS is discussed in references [18] .
Discussion and Conclusion
The sections above illustrated configurations of force sensor placement and several techniques employed in robot-assisted MILS field in order to deliver the tool-tissue interaction force to the surgeon. The placement and design of force sensor depend significantly on which force or forces need to be detected in different surgical procedures. Generally, researchers are trying to place the sensor as close as possible to, the tip of surgical instrument, where the interaction happens and detect forces in multiple DOFs as many as possible. Among those sensing principles, the current-based and pressure-based force detection techniques offer two alternative ways to detect forces through the current of the driving motors and the pneumatic pressure of the pneumatic actuator respectively. Elimination of specific force sensors is an advantage of those techniques, but good measurement accuracy is difficult to obtain due to the forces are measured indirectly. Friction, mechanical backlash, gravity, and inertia could also degrade the quality of the force measurement. For cases where high accuracy is required, a direct force measurement technique using strain gauges, for example, is preferable. Deformation-based force detection technique is likely the simplest way to measure forces, which allows detecting the magnitude of forces over a large scale, however, the usefulness of this technique is usually limited to the measurement of forces in only one or a few DOFs.
The ability to detect three DOF force, three DOF torque and the grip force would be the final goal of force detecting problem in robot-assisted MILS. To detect force by force sensor, the major obstacle is in sterilization. The solution is to develop sensors that do not use electronics or develop coatings that can provide sealed environment for the electronics. To detect force by indirect ways, current-based way, reducing internal friction by the design of a mechanically efficient instrument is a great solution. One day in the future, researchers overcome the force measurement problem. How to deliver the force information to surgeons, human-machine interface, is another active area of research.
